The Nicotiana plumbaginifolia gnl gene encoding a 8-1,3-glucanase isoform has been characterired. The gnl product represents an isoform distinct from the previously identified tobacco 8-1,3-glucanases. By expressing gnl in Escherichia coli, we have determined directly that the encoded protein does, indeed, correspond to a &1,3-glucanase. In N. plumbaginifolia, gnl was found to be expressed in roots and older leaves. Transgenic tobacco plants containing the 5'-noncoding region of gnl fused to the 8-glucuronidase (GUS) repotter gene also showed maximum levels of GUS activity in roots and older leaves. No detectable activity was present in the upper part of the transgenic plants with the exception of stem cells at the bases of emerging shoots. The expression conferred by the gnl promoter was differentially induced in response to specific plant stress treatments. Studies of three plant-bacteria interactions showed high levels of GUS activity when infection resulted in a hypersensitive reaction. lncreased gene expression was confined to cells surrounding the necrotic lesions. The observed expression pattern suggests that the characterized ,í3-1,3-glucanase plays a role both in plant development and in the defense response against pathogen infection.
INTRODUCTION
A group of proteins designated pathogenesis-related (PR) proteins have been shown to be synthesized by plants in response to microbial infection (Collinge and Slusarenko, 1987; Evered and Harnett, 1987) . The induction of PR proteins is commonly associated with the establishment of an incompatible interaction manifested by the appearance of a hypersensitive reaction in the plant (Fritig et al., 1987) . However, definitive evidence of a defined contribution of PR proteins to the plant defense mechanisms has not been obtained.
PR proteins were initially characterized in virus-infected tobacco plants as a set of low-molecular-weight proteins, selectively extracted at low pH, resistant to proteases, and localized in the intercellular spaces of leaves (van Loon and van Kammen, 1970; Antoniw et al., 1980; van Loon, 1985) . Additional information has significantly modified the original concept of PR proteins. Furthermore, PR proteins recently have been identified in multiple plant species, including both monocotyledonous and dicotyledonous plants (Carr and Klessig, 1990) . On the basis of their serological relationships and more recently on their partial amino acid sequences, PR proteins are now grouped into five independent families of closely related proteins (van Loon et al., 1987) . Each family comprises both acidic as well as basic isoforms (Rigden and Coutts, 1988; Carr and ' To whom correspondence should be addressed. Klessig, 1990) . Furthermore, whereas some of these proteins are indeed extracellular, other members of the same family have been shown to be confined to the vacuoles (Boller and Vogeli, 1984; Van den Bulcke et al., 1989) . Protein sequence analysis and cloning of the corresponding cDNAs have revealed that the proteins detected are products of different structural genes, and not the result of different post-translational modifications (BOI et al., 1987) .
Severa1 PR proteins have been identified as p-1,3-glucanases (Kauffmann et al., 1987; Kombrink et al., 1988; Joosten and De Wit, 1989) . A role for these hydrolytic enzymes as part of the plant defense response has been suggested on the basis of their inhibitory effect in combination with chitinases on the in vitro growth and/or sporulation of pathogenic fungi (Boller, 1987; Mauch et al., 1988a) . Similarly, it has been postulated that p-1,3-glucanases could contribute actively to the induction of the defense response by releasing elicitors from cell walls of pathogenic microorganisms (Keen and Yoshikawa, 1983) . However, a possible role in more fundamental aspects of plant cell metabolism has not been excluded.
The partial amino acid sequences corresponding to five distinct tobacco p-1,3-glucanase isoforms, both acidic (extracellular) and basic (intracellular), have been reported (Van den Bulcke et al., 1989) . and a different pattern of expression for both groups of isoforms has been described 
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Figure 1,. Nucleotide and Deduced Amino Acid Sequence of the N. plumbaginifolia gn7 Gene (GenBank Accession No. M38281).
Nucleotides are numbered with the cap site designated +1; putative TATA and CAAT boxes are underlined. The glutamine corresponding to the first amino acid of the mature GNl protein (Memelink et al., 1990) . p-1,3-Glucanases have been shown to be induced not only after pathogen infection, but also as a result of different chemical and hormonal treatments (Mohnen et al., 1985; Felix and Meins, 1987; Mauch et al., 1988b; Vogeli et al., 1988; Vogeli-Lange et al., 1988) . In addition, p-1,3-glucanases have been shown to be present in both root and floral tissues of healthy tobacco plants (Felix and Meins, 1986; Lotan et al., 1989) .
In spite of the extensive information accumulated, the contribution and possible function of the specific isoforms, both in healthy plants and in response to plant stress, remain uncertain. Similarly, it is not known whether the expression of specific isoforms is mediated through activation of a common or partially independent signal transduction pathway.
To understand better the regulatory mechanisms controlling the expression of plant defense-related genes, the p-1,3-glucanase gn 7 gene isolated from N. plumbaginifolia plants has been examined in detail. Expression of the endogenous gene in N. plumbaginifolia and a reporter P-glucuronidase gene under the control of the gn7 promoter in transgenic tobacco plants has been examined. Expression has been determined both in healthy plants and in plants responding to various stress treatments. In addition, a detailed histological analysis has been performed to identify the specific cells in which expression mediated by the gn7 promoter takes place.
RESULTS
Molecular Characterization of the N. plumbaginifolia gnl Gene
A genomic library of N. plumbaginifolia was screened using a P-1,3-glucanase cDNA as a probe (De Loose et al., 1988) . A positive phage containing a 10.2-kb DNA insert was isolated and characterized by hybridization, restriction, and sequence analysis (De Loose et al., 1988) . From these studies, a putative p-1,3-glucanase gene, gn7, present in a 3.5-kb Hindlll DNA fragment, was identified and analyzed in detail to determine its molecular, functional, and expression characteristics. The complete nucleotide sequence of gn 1 , including sequences corresponding to the 5'-flanking and 3'-flanking regions of the gene, are shown in Figure 1 . gn7 is identical to the utilized cDNA. The coding region of gn7 is contained in three exons and yields a precursor protein of 370 amino acids. The encoded protein contains a 30-amino-acid N-terminal extension presumably involved in its targeting to the endoplasmic reticulum (De Loose et al., 1988) . Two intervening sequences is boxed (O). Transcription start points (+1 and +6) and the polyadenylation site (+2204) are indicated with an asterisk (*). The vector pT7-7 containing the strong T7 RNA polymerase promoter was restricted with EcoRI, blunt ended with the Klenow fragment of DMA polymerase I, and then restricted with BamHI. The plasmid pUC18 containing the cDNA derived from the gn1 gene (De Loose et al., 1988 ) was linearized at the Sstl restriction site, blunt ended with T4 DMA polymerase, and then restricted with BamHI. The 1120-bp resulting fragment containing the DMA sequences corresponding to the mature protein and the 3'-untranslated region of gn1 was purified from an agarose gel and ligated to the restricted pT7-7 vector. Correct insertion in pT7-7 was determined by sequencing. The resulting recombinant plasmid pT7-7/gn7 was introduced in E coli cells where the activity of the encoded protein was determined. Cloning at the pT7-7 EcoRI/BamHI sites produced a translational fusion containing the first 4 amino acids of the T7 gene 10 protein fused to the mature GN1 protein. The gn1 sequences are represented as follows: M, noncoding flanking sequences; •, coding region. The arrows indicate the direction of gene transcription.
extending for 669 nucleotides and 199 nucleotides are present after codons 28 and 119, respectively. The deduced amino acid sequence of the protein encoded by gn1 has been compared with the corresponding partial amino acid sequences of different intracellular and extracellular 0-1,3-glucanase isoforms, previously characterized in tobacco plants (Shinshi et al., 1988; Van den Bulcke et al., 1989) . The gn1 gene product shows 60% to 65% sequence identity to the three extracellular 0-1,3-glucanase isoforms characterized, and 70% identity to the two vacuolar isoforms identified in tobacco plants. These results revealed that the protein encoded by the N. plumbaginifolia gr>1 gene probably does not correspond to the previously sequenced proteins, but in contrast represents a different glucanase isoform. This argument is supported by sequence analysis of a second 0-1,3-glucanase gene (gn2) isolated from N. plumbaginifolia that shares 95% identity with the intracellular isoforms of tobacco and that more likely represents the corresponding gene of the tobacco intracellular isoforms in N. plumbaginifolia (Gheysen etal., 1990) .
The Protein Encoded by gn1 \s a Hydrolytic Enzyme with 0-1,3-Glucanase Activity
To determine directly whether the gn1 gene product corresponded to a 0-1,3-glucanase enzyme, the gn1 cDNA lacking its signal sequences was expressed in Escherichia coli under the control of the T7 promoter. Figure 2 is a diagram of the recombinant plasmid pT7-7/gn1 constructed to analyze the enzymatic activity conferred by the GN1 protein.
As shown in Figure 3A , induction of gn1 expression in the presence of 35 S-methionine resulted in the production of a unique approximately 37-kD protein in the bacterial cells carrying the pJ7-7/gn1 plasmid, but not in the control cells. As estimated by Coomassie Blue staining, the protein encoded by gn1 represented approximately 0.5% to 1% of the total cell protein. In addition, the identified protein cross-reacted strongly with antiserum raised against a 0-1,3-glucanase enzyme purified from tobacco plants (data not shown).
The enzymatic activity of the protein produced in E. coli was determined by detection of the reducing sugars re- leased by the enzyme after incubation with the substrate laminarin. The results revealed a strong /3-1,3-glucanase activity in the supernatant fraction obtained after sonication of the E. coli expressing the GN1 protein.
In contrast, only a weak activity was detected in the control cells containing the plasmid pT7-7 ( Figure 3B ).
Expression of the /9-1,3-Glucanase gn1 Gene and Mapping of the Corresponding Transcript in N. plumbaginifolia Plants /3-1,3-Glucanase enzymes have been shown to be induced in several plant species tn response to multiple treatments.
To evaluate the expression characteristics of gn1, we assessed the abundance of the corresponding mRNA in N. plumbaginifolia by high-stringency RNA gel blot analyses. These investigations showed that gn1 hybridized almost exclusively to transcripts present in the root tissue of healthy, untreated plants. As shown in Figure 4A , a low hybridization signal was also detected in the RNA from the older leaves of the plant. Although some PR proteins have been reported to be induced during plant flowering (Fraser, 1981; Lotan et al., 1989) , gn1 mRNA levels did not increase in leaf and root tissues of plants with fully developed flowers. Moreover, no RNA was detected in the floral organs of the plant ( Figure 4B ).
Primer extension analyses were carried out to define the cap site for the transcript derived from gn1. A synthetic oligonucleotide complementary to nucleotides 45 to 85 downstream from the first ATG of the coding sequence was 5'-end labeled and hybridized to RNA from upper leaves and root tissues of preflowering plants. After extension with reverse transcriptase, two DNA fragments of 107 nucleotides and 112 nucleotides were obtained when the oligonucleotide was hybridized to RNA isolated from root tissue; no signal was detected for leaf mRNA ( Figure  4C ). These analyses confirm the expression pattern characterized for the gene gnl by RNA gel blot analyses. Although at this stage we cannot exclude the possibility that the probe utilized hybridized to very closely related transcripts, further experiments clearly demonstrated the specificity of the utilized oligonucleotide. The results obtained define two putative cap sites at 22 bp and 27 bp upstream from the first ATG of the coding region. The significance of these two sites is not known. In Figure 1 , we have designated the more upstream of the two sites as position +1. The sequence TATAAA, likely to correspond to the gn1 TATA box, resides at position -22 relative to this site.
Construction of a gnl Promoter-/3-Glucuronidase Fusion and Analysis of the Expression Conferred in Transgenic Tobacco Plants
To facilitate the study of the regulatory characteristics conferred by the gnl promoter, a chimeric construct was prepared by fusing 2 kb of 5'-flanking sequence of gnl to the coding region of the bacterial /3-glucuronidase (GUS) gene, as shown in Figure 5 . This construct was introduced into tobacco cells and after regeneration, randomly selected transgenic plants were assayed for GUS activity.
The results obtained by analysis of 10 independent transgenic plants are shown in Figure 6 . The 5'-flanking sequence of the gnl gene conferred high levels of GUS activity in the roots of the transformed plants. In accordance with the results obtained for the endogenous N. plumbaginifolia gene, the gn7 promoter directed the expression of the GUS reporter gene in the lower leaves of the transgenic plants. In addition, smaller but significant levels of GUS activity were detected in the adjacent leaves of the plant. A gradient of activity was established through the plant with maximum values corresponding to the roots and older leaves, whereas no detectable activity was present in the upper leaves of the plant. A maximum variation of up to 1 O-fold was determined for the absolute levels of GUS activity among the independent transformants examined. However, the ratio of GUS activity between the different regions of the plant analyzed remained constant in all individual plants.
To identify the specific cells expressing the gnl/GUS construct, the spatial distribution of GUS activity was determined histochemically by an in situ assay. Two representative transgenic plants with average values of GUS activity were selected for these experiments. As shown in Figure 7 , dark-field micrographs revealed in purple light the presence of GUS enzyme activity in the cells of the plant tissues examined. Extensive staining was detected in roots and in the lower stem and leaves ( Figures 7A, 78 , and 7C). In roots, the gnl/GUS construct was highly expressed in the parenchymatic cells and in the cells of the phloem vessels. In contrast, no staining was observed in the epidermis and xylem ( Figure 7C) . A homogeneously distributed staining was observed in the stem and leaves of the lower part of the plant. In both organs, all cells appear to express the gene fusion with the exception only of the xylem vessels, where no staining was detected ( Figures 7A and 78) . In contrast to the results observed in the roots, where no activity was observed in the epidermis, in both the stem and lower leaves, the GUS gene was strongly expressed in the epidermal cells. This difference could be simply a consequence of the fact that epidermal cells in roots are quite short lived and most are dead (Campbell and Greaves, 1990) . Finally, analysis of the upper parts of the plant revealed an almost complete absence of expression. An exception to this was found for the stem cells at the base of the emerging shoots, where significant levels of activity were clearly apparent. The spatial distribution of GUS activity was identical in the tissues of the two transgenic plants examined.
Analysis of the Expression Conferred by the gni Promoter in Response to Plant Stress
To analyze further the regulatory characteristics conferred by the gnl promoter, the leve1 of GUS activity was evaluated after subjecting the transgenic plants to different stress treatments known to induce PR proteins.
Salicylic acid treatment has been shown to act as a strong inducer of PR proteins in severa1 plant species (White, 1979; Ohshima et al., 1990; Van de Rhee et al., 1990) . Although the physiological role of this chemical compound with respect to induction of PR proteins is unknown, a correlation between levels of salicylic acid and PR protein induction has been demonstrated (Klessig et al., 1989) . The effect of this inducer on GUS activity was evaluated before and after spraying the transgenic plants with 5 mM salicylic acid. As shown in Figure 8A , salicylic acid treatment induced expression of this promoter about 14-fold, based upon the increase in levels of GUS activity. (A) GUS activity was determined in leaf tissue of transgenic plants before and after each of the following stress treatments: 1, nontreated leaves; 2, salicylic acid; 3, ethylene; 4, wounding; 5, P. syringae pv syringae infection; 6, E. carotovora subsp. carotovora infection; 7, P. fluorescens; and 8, water infiltration. (B) Primer extension analysis was performed on total RNA prepared from transgenic plants after each of the different stress treatments. An oligonucleotide complementary to nucleotides 106 to 136 of the coding region of the gus gene was hybridized to 50 Mg of plant RNA. The size of the extended products was estimated by reference to the mobility of a known DNA sequence (lanes G and A).
The role of ethylene as a cellular signal affecting plant response against microbial infection has been postulated on the basis of experimental data showing an increase in ethylene biosynthesis during plant-pathogen interactions (Yang and Hoffman, 1984) . It has been shown that plant treatment with ethylene induces the expression of several plant stress-related genes, including genes encoding for PR proteins (Boiler et al., 1983; Broglie et al., 1986; Ecker and Davis, 1987) . In addition, ethylene treatment produced a strong induction in the expression of a second 0-1,3-glucanase gene (gn2) from N. plumbaginifolia (C. Castresana, unpublished data). The effect of ethylene on the expression directed by the gn1 promoter was examined. Relative to the strong induction observed with salicylic acid, it was of interest to note that only a weak induction in GUS activity (about 2.5-fold) was detected after continuous flushing with 50 ppm ethylene for 48 hr ( Figure 8A ).
Wounding has also been shown to induce the expression of several stress-related genes, including tobacco PR proteins (Ohshima et al., 1990) . To examine whether mechanical stress had any effect on expression conferred by the gn1 promoter, GUS activity was determined in fully expanded leaves from transgenic plants after extensive puncturing. A very weak increase (about 1.7-fold) in the level of activity was detected when the plants were analyzed 48 hr after physical damage ( Figure 8A ). It has been observed that the level of induction may vary significantly during the time period after wounding (Keil et al., 1989; Keller et al., 1989; An et al., 1990; Stanford et al., 1990) . Accordingly, independent transgenic plants were used to evaluate the level of GUS activity at shorter periods of time. No significant increase of GUS activity was observed when plants were examined at 5 hr, 10 hr, and 24 hr after mechanical stress (data not shown).
The induction of PR proteins in response to pathogen attack has been shown to be associated mainly with the establishment of an incompatible plant-pathogen interaction. To evaluate a possible role of the GN1 protein in this plant defense reaction, the level of GUS activity in the transgenic plants was examined after inoculation with the incompatible bacterium Pseudomonas syringae pv syringae. Formation of necrotic lesions characteristic of a hypersensitive reaction was observed in the inoculated area after bacterial infection. GUS analyses showed that the level of expression conferred by the gn1 promoter was strongly induced during this defense response, as indicated by an approximately 21-fold increase in the level of GUS activity subsequent to infection ( Figure 8A) .
To examine the specificity of this response, plant leaves were analyzed after inoculation with either the compatible bacteria Erwinia carotovora subsp. carotovora or a saprophytic strain of Pseudomonas fluorescens ( Figure 8A ). No hypersensitive necrotic lesions were visualized as a consequence of these treatments, and the level of GUS activity determined showed an approximately threefold increase in response to £. carotovora subsp. carotovora and an approximately 4.5-fold increase for P. fluorescens. A low level of induction (about 1.9-fold) was detected after treatment with water ( Figure 8A ).
Figure 7. (continued).
(F) Cross-section through the internodal region of the upper part of the stem. The plant tissues observed are indicated as follows: C, cortex parenchyma; E, epidermis; iPh, inner phloem; oPh, outer phloem; P, parenchyma; PP, pith parenchyma; X, xylem.
The gnl/GUS Construct 1s Regulated at the Leve1 of Gene Activation in Response to Plant Stress
To investigate whether the induction in GUS activity was due to specific expression conferred by the gn 7 promoter and not to induced changes in GUS enzyme stability, primer extension analyses were performed on total RNA prepared from transformed plants after each of the different stress treatments.
An oligonucleotide complementary to nucleotides 106 to 136 downstream from the initiating ATG of the GUS gene was 5'-end labeled and hybridized to total plant RNA. As shown in Figure 86 , two extension products of 158 bp and 163 bp were obtained for RNA from the transgenic plants. The level of these products was in proportion to the level of GUS activity previously evaluated, and, therefore, we conclude that the induction observed was due to gene activation and not to protein stability. Furthermore, the same initiation points for transcription were observed in all cases. The two putative cap sites correspond to those identified for the wild-type gn7 gene.
In Situ Localization of GUS Activity during the Plant Defense Response
To identify the plant cells expressing the gn7IGUS construct during the defense response of the plant, in situ staining for GUS activity was carried out after inoculation of transgenic plants with the incompatible bacteria P. syringae pv syringae. Bright-field microscopic images revealed that the expression conferred by the gn7 promoter was locally restricted to the cells surrounding the hypersensitive lesion.
As shown in Figure 9B , GUS activity was not detected inside the inoculated area even when analyzed before the necrotic lesion was externally manifested (6 hr after bacteria inoculation). GUS staining was absent in control leaves from noninoculated transgenic plants ( Figure 9A ).
DlSCUSSlON
The N. plumbaginifolia gn7 gene encoding for a p-1,3-glucanase has been examined at both molecular and functional levels. The structure of the gene has been determined, the enzymatic properties of the encoded protein have been assayed, and the expression characteristics of the gene both in healthy plants and in response to various stress treatments have been characterized.
gnl Encodes a Nove1 @-1,3-Glucanase Enzyme
We have previously reported the partia1 amino acid sequence of both intracellular and extracellular p-1,3-glucanase enzymes isolated from tobacco plants ( Van den Bulcke et al., 1989) . Comparative sequence analyses revealed that the protein encoded by gn7 shared 60% to 65% sequence identity with the previously determined extracellular isoforms and 70% identity with the intracellular isoforms identified in tobacco. It Seems unlikely that the sequence divergence observed for the protein encoded by the N. plumbaginifolia gn7 gene and the tobacco p-1,3-glucanase isoforms simply reflects the evolutionary distance between these two plant species. These species are closely related, as shown by the high level of sequence conservation reported for two members of the rbcS gene family (Poulsen et al., 1986) . In addition, the high conservation determined (95% identity) between a second glucanase gene (gn2) from N. plumbaginifolia and the intracellular isoforms of tobacco supports this argument (Gheysen et al., 1990) . The direct homolog of gn7 has probably not been characterized in tobacco because of the low level of expression of gn7 relative to other isoforms (C. Castresana, unpublished data). Accordingly, we conclude that the protein encoded by gn7 does not correspond to any of the previously characterized p-1 ,3-glucanases, but represents a new isoform. By expressing gn7 in E. coli, we have determined directly that the encoded protein is a P-1,3-glucanase.
P-l,3-Glucanases Play an Undefined Role in Plant Development
We have characterized the expression pattern of the gene gn7 in different plant tissues and at different stages of plant development. In N. plumbaginifolia plants, gn7 was expressed in root tissue and at a lower level in the older leaves. Similarly, analyses of transgenic tobacco plants containing the gus reporter gene driven by the gn7 promoter showed a high level of GUS activity in the roots and in the lower stem and leaves of the plant. Lower but significant GUS activity was detected in leaves derived from the middle part of the plant. This activity decreased toward the upper part of the plant and was undetectable in leaves derived from the upper one-quarter of the plant. The expression observed in the leaves from the middle of the transgenic plants was not detected for the endogenous gn7 in N. plumbaginifolia, possibly reflecting the increased sensitivity of the fluorimetric assay and/or the high stability of the GUS protein. A similar expression pattern has been observed in tobacco plants for an intracellular p-1,3-glucanase (Felix and Meins, 1986) , and Shinshi et al. (1987) have reported that an intracellular isoform corresponding to the PR chitinase gene family shows analogous regulatory characteristics. In addition, it has been reported that the Agrobacterium tumefaciens nopaline and mannopine synthase promoters are also highly active in the lawer parts of the plant of transgenic tobacco plants and de- Bright-field micrographs reveal in blue the presence of GUS enzymatic activity in the cells of the plant tissues analyzed. Transgenic plants containing the gn7/GUS construct were examined approximately 12 weeks after transfer to soil. After staining with X-glucuronide, the plant sections examined were placed in ethanol to stop the reaction and to remove chlorophyll. (A) Section of a fully expanded, upper young leaf from a noninfected transgenic plant. (B) Section of a fully expanded, upper young leaf from a transgenic plant 6 hr after inoculation with the incompatible bacteria P. syringae pv. syringae. crease in the upper parts Langridge et al., 1989) .
The observation that the appearance of #-1,3-glucanase in tobacco tissues is modified in response to the presence of auxins and cytokinins (Mohnen et al., 1985; Memelink et al., 1987; De Loose et al., 1988) led to the suggestion that the expression pattern observed for those 0-1,3-glucanases could be due to a change in the hormonal level through the plant. Although definitive evidence in favor of this suggestion has not been reported, auxins and cytokinins play a central role in regulating plant growth and development (Moore, 1989) . It is possible that the presence of 0-1,3-glucanases in healthy, unstressed tissues could be at least partially due to hormonal changes associated with the development or maintenance of the differentiated state.
Somewhat irrespective of the factors regulating glucanase expression, it is of interest to question the role of those enzymes. Considerable attention has been given to their participation in plant defense mechanisms. A defense role could be consistent with their synthesis in the roots of uninfected plants and possibly also in the older leaves at the base of the plant; these enzymes in combination with other defense proteins could represent a permanent system of protection against pathogens present in the rhizosphere. However, the selective expression in the stem cells at the bases of emerging shoots in the upper part of the plant strongly suggests that 0-1,3-glucanases play an undefined role in plant development.
The Expression of 0-1,3-Glucanases Is Differentially Regulated
Induction of PR proteins in healthy plants has been correlated with flowering (Fraser, 1981; Lotan et al., 1989) . However, in our experiments, no apparent changes were observed in expression conferred by the gn1 promoter during plant flowering. We have shown that the expression conferred by the gn1 promoter was highly induced after salicylic acid treatment, whereas only a weak induction was obtained in response to ethylene and mechanical wounding. Ethylene has been shown to induce the expression and synthesis of some tobacco 0-1,3-glucanases (Felix and Meins, 1987; Mauch and Staehelin, 1989; Memelink et al., 1990) . In addition, the expression of a second p-1,3-glucanase gene (gn2) from N. plumbaginifolia was highly induced after ethylene treatment (C. Castresana, unpublished data). In this context, the response observed in the expression conferred by the gn7 promoter suggests that the p-1,3-glucanase isoforms would be differentially regulated in response to various stimuli. As with ethylene, the level of saíicylic acid in tobacco leaves increases during hypersensitive reaction (Klessig et al., 1989) . In this respect, both salicylic acid and ethylene could play a role as cellular signals controlling the plant response against pathogen attack mediated through activation of at least partially independent transduction pathways.
The GN1 Protein Participates in the Plant Defense Response
We have shown for three plant-bacteria interactions that the expression conferred by the gn7 promoter was highly induced only when infection resulted in a hypersensitive reaction. This induction of expression occurred locally, as shown by a strong GUS staining at the inoculation site surrounding the necrotic lesion. Similarly, the expression of various genes involved in plant defense responses has been shown to be localized around the infected area (Schmelzer et al., 1989; Ohshima et al., 1990) . This spatial induction that we have characterized suggests that the p-1,3-glucanases, and probably other defense reactions, could act primarily as a barrier controlling the size of the lesion and the pathogen spread.
lnduction of PR proteins has been shown to occur in certain compatible interactions. In this respect, we observed a threefold induction in the level of GUS activity in response to inoculation with the compatible pathogen bacterium E. carotovora subsp. carotovora. It is possible that the sevenfoíd higher induction corresponding to the incompatible interaction, in combination with similar differential induction levels for other genes, accounts for the resistance response. This observation seems even more plausible, given the strikingly localized expression observed from the gn7 promoter. In this localized region, the difference in levels of expression distinguishing the compatible and incompatible interactions is likely to be much higher than the sevenfold difference we measured. The results support the possibility that the GN1 protein participates in plant defense mechanisms.
METHODS lsolation and Characterization of gn7
The molecular characterization of the gene gnl was carried out using standard DNA procedures described by Maniatis et al. (1982) . Plasmid vectors pUC18 and pGEM2 were used for DNA subcloning. DNA sequences were determined using the chaintermination method of Sanger et al. (1977) .
Bacteriophage T7 FINA Polymerase Expression of the gnl Gene in Escherichia coli
The gnl cDNA lacking its signa! sequence was inserted into the T7 RNA polymerase expression vector pT7-7. The recombinant plasmid pT7-7/gnl was transferred to€. coli strain K38 containing the T7 RNA polymerase gene under the control of the P1 promoter in the plasmid pGP1-2 (Tabor and Richardson, 1985) . E. coli containing both plasmids were grown at 3OoC in LB medium with 50 pg/mL carbenicillin and kanamycin to a cell density of 0.5 (A595). lnduction and labeling of the GN1 protein were carried out essentially as described by Tabor and Richardson (1 985) . Cells (0.2 mL) were centrifuged at 10,OOOg for 5 min and washed twice with 5 mL of M9 medium. The cell pellet was resuspended in 1 mL of M9 medium supplemented with 20 pg/mL thiamine and 0.001 YO amino acids (with the exception of cysteine and methionine) and incubated at 30°C for 60 min. Temperature was shifted at 42°C for 15 min and rifampicin was added to a final concentration of 200 pg/mL. After incubation for 10 additional min, the temperature was shifted down to 30°C for 20 min. Cells were pulsed with 10 pCi of 35S-methionine for 5 min, centrifuged at 10,OOOg for 5 min, and resuspended in 100 pL of lysis buffer (12 mM Tris-HCI, pH 6.8, 1% SDS, 50 mM DTT, 10% glycerol, O.:% bromophenol blue). Samples were heated to 95OC for 3 min and separated by SDS-PAGE according to Laemmli (1 970) using 15% polyacrylamide gels. Gels were dried and analyzed by autoradiograph y.
Assay for fl-1,3-Glucanase Enzyme Activity
To maximize protein production using the T7 RNA polymerase/ promoter system, E. coli cells containing the two plasmids pT7-7/gn7 and pGP1-2 were grown at 30°C in LB medium with 50 pg/mL carbenicillin and kanamycin to a cell density of 1.5 (A595). The temperature was raised to 42°C for 25 min. After rifampicin addition (1 O0 pg/mL final concentration), the temperature was shifted to 37OC for two additional hr. Cells were harvested by centrifugation at 10,OOOg for 5 min, resuspended in 1 mL of lysis buffer (1 2 mM Tris-HCI, pH 6.8, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride), and disrupted by sonication. After centrifugation at 10,OOOg for 5 min, the @-l,3-glucanase activity was analyzed both in the supernatant and in the pellet fraction. Pellets were resuspended in 1 mL of lysis buffer with 8 M urea, incubated 10 min at 25"C, and centrifuged at 12,0009 for 5 min. Solubilized proteins were extensively dialyzed against 12 mM Tris-HCI (pH 6.8), 1 mM EDTA. @-1,3-Glucanase activity was assayed by detection of reducing sugars released after incubation with the substrate laminarin, using the method described by Somogyi (1952) and Nelson (1957) .
Analysis of gn7 Expression
RNA was prepared according to the procedure described by Jones et al. (1985) . For RNA gel blot experiments, 10 pg of total p-1,3-Glucanase Gene Expression 11 41 RNA were separated in formaldehyde gels as described by Maniatis et al. (1982) . The cDNA from the gn7 gene cloned in the pGEM2 vector (De Loose et al., 1988) was used to prepare a single-stranded riboprobe using the Amersham transcription kit. Blots were hybridized overnight at 68OC in 50% formamide, 3 x SSC, 0.25% nonfat milk powder, 0.5% SDS, and 20 wg/mL denatured herring sperm DNA. The hybridizations were washed at 68OC twice with 3 x SSC, 1% SDS and twice with 1 X SSC, 1 '/O SDS for 30 min.
Primer extension analyses were carried out essentially as described by Ausubel et al. (1988) .
Agrobecterium-Mediated DNA Transfer and Analysis of Transgenic Plants
The vector pDE1 O01 containing the gnl/GUS chimeric construct was mobilized by the helper plasmid pRK2013 (Figurski and Helinski, 1979) to Agrobacterium tumefaciens harboring the plasmid pGV2260 (Deblaere et al., 1985) . The chimeric construct was transferred to Nicotiana tabacum SR1 cells by leaf disc transformation, and the transgenic plants were selected on kanamycincontaining medium (Horsch et al., 1985) . Approximately 12 weeks after transfer to soil, the transgenic plants were examined. The integrity and number of T-DNA copies inserted into the plant genome were estimated by DNA gel blot (Southern, 1975) , using DNA isolated according to the methcd described by Oellaporta et al. (1983) .
GUS activity was measured according to the fluorimetric assay described by Jefferson et al. (1987) . Protein concentration was determined by the method of Bradford (1976) using a kit supplied by Bio-Rad Laboratories. The histochemical GUS assay was carried out as described by Peleman et al. (1989) .
Expression of gnl in Response to Plant Stress
GUS activity was assayed in leaves corresponding to the upper part of the transgenic plants before and after the following stress treatments: For salicylic acid induction, plants were sprayed with a 5 mM solution of this compound; the effect of ethylene was examined by placing the plants in glass jars and flushing continuously at a rate of 100 mL/min with 50 ppm ethylene. For wounding experiments, leaves were extensively punctured using a needle. Bacterial infection was done by injection of the leaves with a late-logarithmic culture. The bacteria were grown in LPG medium (0.3% yeast extract, 0.5% Bacto-peptone, and 0.5% glucose) at 27% After centrifugation, the pellets were resuspended in sterile, distilled water to reach a final concentration of 1 O ' bacteriajml. The following bacterial species were used: Pseudomonas syringae pv syringae (NCPPB281), Erwinia carotovora subsp. carotovora (NCPPB550), and Pseudomonas fluorescens (ATCC13525). GUS activity was assayed in at least 10 independent transgenic plants 48 hr after each treatment. In addition, wound inducibility was evaluated at 5 hr, 10 hr, and 24 hr after mechanical stress.
